Heat flux and plasma flow in the scrape-off layer (SOL) are examined for the inboard poloidal field null (IPN) configuration of the spherical tokamak QUEST. In the plasma current (I p ) ramp-up phase, high heat flux (>1 MW/m 2 ) and supersonic flow (Mach number M > 1) are found to be present simultaneously in the far-SOL. The heat flux is generated by energetic electrons excursed from the last closed flux surface. Supersonic flows in the poloidal and toroidal directions are correlated with each other. In the quasi-steady state, sawtooth-like oscillation of I p at 20 Hz is observed. Heat flux and subsonic plasma flow in the far-SOL are modified corresponding to the I p -oscillation. The heat flow caused by motion of energetic electrons and the bulk-particle transport to the far-SOL is enhanced during the low-I p phase. Modification of plasma flow in the far SOL occurs earlier than the I p crash. The M-I p curve has a limit-cycle characteristic with sawtooth-like oscillation. Such a core-SOL relationship indicates that the far-SOL flow plays an important role in sustaining the oscillation of I p in the IPN configuration. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
The spherical tokamak has been proposed as a candidate cost-effective fusion reactor. Features of the spherical tokamak are stability at high beta values, large current capability for a weak magnetic field, high compactness, and high efficiency. 1 The realization of the spherical-tokamak fusion reactor requires a solenoid-free current-drive method to be established. 2 A current drive employing an electron cyclotron wave (ECW), 3 coaxial helicity injection, 4 or local helicity injection 5 would fulfill this requirement. Noninductive fast current start-up using an ECW has been demonstrated and actively researched for several spherical tokamaks. [6] [7] [8] [9] [10] For current start-up by ECWs, radio-frequency power is injected in an open magnetic field configuration (OMFC) with a strong vertical field and high mirror ratio. In such an OMFC, trapped energetic electrons can be confined when the height of the banana tip is within the vacuum vessel. Initial current in an OMFC is generated mainly by the trapped energetic electrons with toroidal precession. Thereafter, a closed flux surface is generated and high poloidal beta (b p ¼ 2l 0 /hB p i 2 ) is achieved through the contribution of energetic electrons (where is the volume-averaged plasma pressure and hB p i is the poloidal field averaged over last closed flux surface (LCFS)). The maximum b p is limited by an equilibrium limit, where an inboard poloidal field null (IPN) with a natural separatrix on the high-field side is self-organized. For the spherical tokamak QUEST (Q-shu University Experiment with SteadyState Spherical Tokamak), 10 ,11 a stable IPN configuration has been achieved and research is in progress. [12] [13] [14] Motion of energetic trapped electrons in the wide area of the OMFC is the first and foremost requirement for the initial current drive. Energy of these electrons in the initial phase is E HX < 200 keV in QUEST, and the excursion of the electrons from the flux surface is typically several centimeters. After the IPN forms, the passing and trapped electrons continue to move around the wide range of the scrapeoff layer (SOL) so that the plasma current I p and the configuration are maintained. The drift surfaces of the trapped and co-moving energetic electrons on closed flux surfaces are shifted aboute = ffiffi e p ande from the LCFS, respectively, where q is the safety factor, q e is the poloidal Larmor radius of electrons, and e is the inverse aspect ratio. Therefore, the energetic electrons spread in space over the entire SOL. The SOL, which occupies a large area, in practice provides enough space for the energetic electrons moving in the vacuum chamber. Therefore, further clarification of the motion of energetic electrons in the SOL is an important step in research on the IPN configuration.
Furthermore, understanding the difference between energetic electrons and energetic ions in terms of heat loss would be meaningful because they coexist in burning plasma. In the Compact Helical System, the bursting energetic particle mode and anomalous fast ion loss induced by the energetic particle mode have been observed using a directional Langmuir probe. 15, 16 To understand the motion and heat transport of energetic electrons, as the Compact Helical System group did in the case of fast ions, it would be useful to make a direct measurement using a probe. For local heat measurements, a thermal probe [17] [18] [19] can be used as a diagnostic tool. Particle flux measured by a Langmuir probe differs from that of energetic electrons, whereas heat flux can be estimated using temperature-measuring device. If heat flux due to the energetic electrons is dominant, the measured temperature represents the effect of energetic electrons.
As a characteristic feature of the IPN configuration, intrinsic rotation without any external momentum injection or inductive force has been observed. 14 With a high mirror ratio M OMFC % 2, notable toroidal rotation is generated even in the OMFC. Here, M OMFC denotes the ratio of the toroidal field B t at the chamber wall to B t at the starting point on the equatorial plane along the magnetic field lines in an OMFC. Such rotation in the current ramp-up phase has not been observed when M OMFC % 1.2 for an inboard limiter configuration. After the IPN forms, the flow remains nearly constant and stable. In many tokamaks, spontaneous rotation without external momentum injection has also been observed. 20, 21 Such plasma flows are generated not only inside the LCFS but also in the SOL. Correlation between the core and SOL flows has been observed, and such a relationship indicates that plasma flow in the core depends on the SOL flow determining the boundary condition. 22, 23 In addition, SOL flow patterns also depend on magnetic topology. 24 The mechanism of SOL flow has been investigated for many tokamaks, [25] [26] [27] [28] and the complex flow structures have been found to consist of drift flow (E Â B, diamagnetic), toroidal rotation, Pfirsch-Schl€ uter flow, edge plasma turbulence with a ballooning-like nature, and convection. Recently, a heuristic drift-based model was developed and it has predicted the power SOL width in low-gas-puff H-mode tokamaks reasonably well. 29 Nevertheless, such models would not be applicable to plasma in spherical tokamaks, whose I p is driven solely by ECWs. In such spherical tokamaks, the density and temperature in the bulk are considerably lower than those in conventional tokamaks. The configuration has a large-area far-SOL. There is thus a unique complex of SOL flow. To understand the SOL flow pattern in the IPN, the plasma flow needs to be measured. A Mach probe is one of the simplest diagnostic tools for directly measuring plasma flow. 30 In the case of the QUEST IPN, however, intensely high heat flux generated by the abundant energetic electrons has been observed even in the far-SOL, and measurements in the near-SOL are thus restricted. Consequently, our present investigation is limited to flow in the far-SOL.
The characteristics of the far-SOL differ depending on the phase of the IPN plasma. The first phase is the I p rampup phase where the magnetic surface transforms from the OMFC to the IPN configuration. During the time that I p is driven solely by ECWs, input power and plasma particles are transported to the SOL. Ion flow may have unique patterns in the low field side (LFS) SOL, where energetic electrons playing an important role of a current drive are excursed. The second phase is the quasi-steady-state phase. In this phase, there is sawtooth-like oscillation of I p at 20 Hz. This oscillation indicates global variation of the core. Furthermore, heat flux, electron density, and plasma flow in the SOL are correlated to these oscillations. Therefore, this event is expected to allow the observation of the relationship between the core and SOL. The two phases are characterized by global parameters. However, physical mechanisms in the SOL have not yet been clarified. Hence, observations and careful analysis are required to understand the SOL in the IPN configuration. To clarify the motion of energetic electrons and plasma flow in the SOL, a hybrid probe having the double function of a thermal probe and Mach probe was developed. In this paper, the measurements of the hybrid probe during (1) the current ramp-up phase and (2) the quasi-steady state phase with 20-Hz oscillation of I p are presented. High heat flux (>1 MW/m 2 ) and supersonic flow (M > 1) generated in the far-SOL during the current ramp-up phase are investigated. In the quasi-steady state, heat flux and subsonic plasma flow in the far-SOL are well correlated to the oscillation.
The remainder of the paper is organized as follows. Section II describes the experimental setup of the thermal probe installed in QUEST. Section III presents experimental results for the heat flux and SOL flow in the current ramp-up phase, and the relationship between energetic electrons and SOL flow for the current oscillation in IPN equilibrium. Section IV discusses the experimental results. A summary is given in Section V.
II. EXPERIMENTAL SETUP A. QUEST device and high beta poloidal
The QUEST project aims to realize plasma with noninductive current driven by ECWs and to demonstrate the steady-state operation of particle circulation with temperature-controlled first walls. 10, 11 QUEST is a mediumsized spherical tokamak whose inner and outer radii of the vacuum chamber (i.e., major radii of the inner and outer walls) are R in ¼ 0.22 and R out ¼ 1.37 m, respectively. In the vertical direction, divertor plates are located at 61.00 m. These boundaries limit vertically and laterally extended banana orbits.
The non-inductive current drive is realized by confining the energetic trapped electrons produced by ECWs. Through optimization of the mirror ratio, a favorable field curvature for confinement of the energetic electrons is obtained in OMFCs. 13 This scenario is also suitable for producing high-
and b hot p are contributions to the poloidal beta from bulk plasmas and energetic electrons, respectively. The term b hot p is sufficiently high to provide high-b p plasma. To realize the IPN configuration, the plasma current is driven without a toroidal electric field under a high mirror ratio (M OMFC % 2) with a vertical field. 12, 13 With contribution from the nonthermal electron pressure hp hot i, high b
B. Hybrid thermal probe
To examine heat flux and plasma flow simultaneously, an array of hybrid probes consisting of a sheath thermocouple and ceramic insulator has been developed, as shown in Fig. 1 . The time derivative of the temperature measured by a 082513- 2 Onchi et al.
Phys. Plasmas 22, 082513 (2015) thermocouple is used to evaluate the heat flux depending on the direction with respect to the magnetic field. Since the thin stainless-steel sheath (Langmuir probe) is floating, plasma flow can be estimated using a pair of probes. The details of the heat flux and flow distribution can be obtained by rotating this probe azimuthally. The thermal probe (Sukegawa, junction U type) consists of a chromel-alumel thermocouple and a stainless-steel (SS316) sheath. The thermocouple is electrically isolated from the stainless-steel sheath by magnesium oxide. The characteristic time response of this thermocouple is less than 0.1 s. The thickness and outer diameter of the sheath are 0.2 and 1 mm, respectively. The exposed length of the tip is 2.5 mm. Using the thermocouple function, temperature can be measured in the range of 273-1273 K. A thermal probe model used to evaluate the time evolution of heat flux is described in detail in the Appendix. Four such thermal probes are aligned on the ceramic head. Each tip is covered by edged-out ceramics. Therefore, each probe can observe particle influx from a specific direction independently. Moreover, the probe head is rotatable in the azimuthal direction X, and can thus be used to examine the directionality of heat flux. The probe head is optionally equipped with a triple probe to measure local density and temperature.
A probe tip works as not only a thermocouple but also a Langmuir probe owing to the sheath made of stainless steel. Measuring the ion saturation current, each pair of probes can be used as a Mach probe to estimate poloidal (channels 1 and 3) and toroidal flow (channels 2 and 4). Having the ratio of each current, the Mach number expressed as u i =c s , where u i is the ion flow velocity and c s is the ion sound speed, can be estimated. 30, 31 In the far SOL on the QUEST LFS, at R $ 1000 mm, B t is about 0.08 T when electron cyclotron resonance is at R ce1 ¼ 0.3 m. Assuming bulk ions are nearly cold and the temperature is T i < 5 eV, the ion Larmor radius can be q i < 5 mm. q i is comparable to the radius of the probe tip; hence, the probe is described by a weakly magnetized model. In practice, there is finite open angle resulting in particle collection on the probe tip. To compensate for the effect of the angle, a generalized model can be applied. [32] [33] [34] Therefore, the Mach number is estimated as
where j up and j down are ion saturation currents from upstream and downstream, respectively. Dh denotes the open angle from the normal line corresponding to a collection angle of 6Dh. K is the model coefficient that decides the Mach number from the ratio of upstream and downstream currents. The term ðDh= sin DhÞ can correct the dependence on Dh. The thermal probe used in this research has a rather large collection angle Dh ¼ 66 , and compensation of the collection range is thus necessary. For the weakly magnetized model,
The probe head is installed on the LFS. Using a slow motor-controlled drive unit that can insert and retract the probe head in a radial direction, the measurement location is determined. The range of motion is about 600 mm from the wall. Additionally, a fast drive unit controlled using highpressure air is capable of extending the motion by a further 200 mm from the fixed position, and hence, the probe can work as a reciprocating probe. The probe track is set at 53.1 from the bottom so that the probe is radially inserted at an angle. A practical probe location in IPN plasma is shown in Fig. 2 . The major-radial position of the probe head used in this paper ranges 990 mm < R < 1050 mm, corresponding to the far-SOL. Although the distance from the LCFS is about 0.5 m, there is serious difficulty in inserting the probe deeper because there is an area in which the probe head would be immediately destroyed. This destructive heat is generated by abundant energetic electrons in the SOL.
III. EXPERIMENTAL RESULTS
The probe measurement was applied to observe the far-SOL in IPN plasma. Figure 3 shows the time evolutions of plasma current I p , electron density n e measured by the Langmuir probe, heat flux q ext estimated from the temperature T TP at the probe head, poloidal Mach number M h , toroidal Mach number M u , and toroidal plasma flow velocity in the core region, v u_core . The radial location of the probe is R ¼ 1030 mm. I p driven by an 8.2-GHz ECH (80 kW) is ramped up to 23 kA. The start-up is completed in Dt s ¼ t 1 À t 0 ¼ 0.4 s, where t 0 is the time that radio-frequency power is turned on and t 1 is the time that I p reaches 20 kA. The current is maintained for more than 5 s. The average density of the core plasma in a quasi-steady state is n e % 1 Â 10 17 m
À3
. Directions of the plasma current and toroidal The angle is X % 11 from horizontal. The directions of the plasma current and toroidal field are both counterclockwise as seen from the top of QUEST, corresponding to positive u.
field are both counterclockwise as viewed from the top of QUEST.
Electron density estimated from the ion saturation current is maximized at the very beginning of the plasma discharge. After I P is ramped up, the density at this position is n e % 2 Â 10 15 m
. The initial temperature of the thermal probe (channel 3 at R ¼ 1030 mm) before the plasma discharge is T TP % 384 K because of wall baking. T TP gradually starts to rise in the I p start-up phase and reaches T TP % 497 K at the end of discharge. The heat flux q ext shown in the third panel of Fig. 3 is estimated using the thermal probe model (described in the Appendix). The first peak of heat flux is q ext % 20 kW/m 2 , and the heat flux gradually increases to q ext % 27 kW/m 2 for the quasi-steady state of I p . The Mach number in the poloidal direction has a negative value (M h % À0.1) on average. A toroidal Mach number around M u % þ0.5 is maintained. Toroidal velocity in the core region (at R tan ¼ 0.57 m) is v u_core ¼ þ6À8 km/s. v u_core is spectroscopically evaluated with a visible spectrometer by measuring the Doppler shift of the CIII line (k % 465 nm). Here, the positive toroidal direction corresponds to the cocurrent direction. IPN plasma rotates spontaneously in the co-current direction without momentum input, and the directions of the core rotation and SOL flow are identical.
A. Heat flux and plasma flow in the far-SOL during the current ramp-up phase Directionalities of heat flux and plasma flow provide important information on how heat flux and plasma flow react in the far-SOL. Azimuthal distributions of heat flux and plasma flow at the fixed radial position can be obtained on a shot-to-shot basis for the reproducible discharges. The probe position is at R ¼ 1000 mm, and a step of the probe angle shift is 15 . Hereafter, X denotes the azimuthal angle increasing counterclockwise as shown in Fig. 1 . The original angular position of probe channel 4 is X ¼ 0 (measuring particle flux parallel to the toroidal magnetic field), while the original positions of the other channels are X ¼ 90 (vertically downwards) for channel 1, X ¼ 180 (anti-parallel) for channel 2 and X ¼ 270 (vertically upwards) for channel 3. A step of X is 15
. Figure 4 (a) shows q ext azimuthal distributions at two distinct times, t ¼ 1.55 s (circles) and 6.00 s (triangles). The former presents the very high heat flux during the early phase of the current ramp-up, and the latter shows the heat flux in the steady state. The dashed lines indicate directions parallel (X ¼ 11
) and anti-parallel (X ¼ 191 ) to the magnetic field, and the dashed-dotted lines show perpendicular directions (X ¼ 101 and X ¼ 281 ). At t ¼ 1.55 s, there are two large peaks of q ext covering the range 60 < X < 210 . The first peak of q ext exceeds 1 MW/m 2 at X % 90 and the second reaches 0.3 MW/m 2 at X % 190 . The direction to X ¼ 90 for the first peak of q ext may correspond to the direction along which energetic electrons drift vertically downward and finally reach the channel-1 probe from the top. This is the same as electron toroidal drift. Meanwhile, the direction X ¼ 190 of the second q ext peak may correspond to the direction of toroidally drifting electrons that carry the plasma current. In the 
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Phys. Plasmas 22, 082513 (2015) quasi-steady state (t ¼ 6.0 s), q ext falls greatly to less than 100 kW/m 2 . The azimuthal profile of the heat flux estimated from ion saturation current q s ¼ cT e I s biased by À50 V is plotted in Fig. 4 (b). The total sheath heat transmission coefficient c ¼ 7 and electron temperature T e ¼ 5 eV are used. At both t ¼ 1.55 s and t ¼ 6.00 s, q s < 1 kW/m 2 , indicating that the heat flux from the bulk plasma is less than that of energetic electrons.
Since the line-integrated electron density is as low as n e l < 10 18 m
À2
, thermalization by energetic electrons is hardly expected. A sinusoidal profile of q s (X) is found to be distinct from a broad peaked profile of q ext (X). The maximum of q s (X) corresponds to the heat flux parallel to the magnetic field lines or the plasma current direction, and the minimum to that anti-parallel to the magnetic field lines. The contribution of ions flowing along the co-current direction is suggested. Although there is a sharp local minimum at X ¼ 285 corresponding to the ion toroidal drift direction and a small but finite deviation from the sinusoidal curve at X ¼ 100 corresponding to the electron toroidal drift direction, the contribution to q s (X) has not yet been explained.
The time variation of the heat flux in current ramp-up phase is shown with I p in Fig. 5(a) . Here, q eu is q ext measured for channels 2 and 4 aligned in the toroidal direction. The comparison of q ext between the two locations reveals that q eu comes from almost only one side for channel 2, and this heat direction thus opposes the current. Radio-frequency power is turned on at t ¼ 1.41 s and q eu rapidly increases with I p . q eu does not change remarkably during 1.46 s < t < 1.49 s when the current is on a lower top of I p % 7 kA. q eu and I p begin increasing again at t % 1.50 s. The toroidal heat flux has a peak of q eu > 600 kW/m 2 at t % 1.54 s. Later, it decreases to q eu % 200 kW/m 2 at t ¼ 1.68 s even though I p continues to rise. After the current ramp-up phase, the heat flux reduces to q eu < 100 kW/m 2 . Figure 5 (b) presents the radial profiles of the poloidal (channel 1) and toroidal (channel 2) heat fluxes every 30 ms from t ¼ 1.43-1.58 s. The heat fluxes measured for channels 3 and 4 are negligible compared with those measured for channels 1 and 2 in the current ramp-up phase. It is apparent that there are radial gradients at R < 1020 mm as higher heat fluxes are more readily seen inside. Poloidal heat flux q eh < 1 MW/m 2 at t ¼ 1.43 s rapidly increases to more than 3 MW/m 2 within 100 ms. As I p continues to rise at t ¼ 1.58 s, such high heat flux is suppressed. Toroidal heat flux increases from q eu < 0.2 to 0.6 MW/m 2 as can be seen in the second panel. q eh seems to be several times higher than q eu , according to this data set. This result suggests that poloidal projection of the motion of an energetic electron contributes more to heat flux than the toroidal projection. These profiles are not inconsistent with the azimuthal profile as can be seen in Fig. 4(a) . These notions indicate that abundant energetic electrons rush in a specific direction and their motions generate the heat flow in the far-SOL in the current ramp-up phase.
Polar plots of ion saturation current I s at t ¼ 1.55 and 6.00 s are shown in Fig. 6(a) , where the probe position is R ¼ 1000 mm. Here, red and green lines indicate directions parallel and perpendicular to the magnetic field, respectively. The co-current direction is from X ¼ 0 to 180 . I s on the right half seems to be higher than that on the left, indicating that there is plasma flow. I s likely has a peak around X ¼ 45 (t ¼ 1.55 s) and 30 (t ¼ 6.00 s). Meanwhile, uniformity of I s is lost in the angle range of 270 < X < 315 . I s has a small peak at 105 -120 and a deep minimum at 285 , which are directions close to perpendicular direction. These profiles indicate that the velocity of perpendicular flow is obviously higher than that of flow at other angles. The cause of a local minimum in the I s profile may be energetic electrons although the measured heat flux on one side (X ¼ 285
) is not greater than on the opposite side (X ¼ 105 ) at the beginning as can be seen in Fig. 4(a) . When plasma current stays in the flat-top, the I s profile gradually approaches a sinusoidal curve except at specific angles of X ¼ 285 and 300 as shown in Fig. 4(b) , where q s ¼ cT e I s .
The azimuthal profile of the Mach number M X , which is plotted from the I s profile, is presented in Fig. 6(b) . Here, the flow direction from the first (or fourth) quadrant to the third (or second, respectively) in Fig. 6(a) is set as positive on M X . Circles represent the values at t ¼ 1.55 s in the current rampup phase, and triangles represent those around t ¼ 6.00 s in the quasi-steady state. According to a cos(X) dependence of the probe, a fitting curve (f(X) % C{j 0 þ j 1 cos(X À a)}/ {j 0 À j 1 cos(X À a)}) estimated from the I s profile at t ¼ 6.00 s is drawn with a dashed line. a ¼ 11 is azimuthal angle of magnetic field. Here, the error bars indicate standard deviations within a period of 200 ms. According to these profiles, sub-sonic flow in the far-SOL is observed. At t ¼ 1.55 s, flow has a peak around X ¼ 15 -30 , which is rather shifted from the parallel direction, besides the asymmetry in profile. The deviation around t ¼ 1.55 s is larger than that around t ¼ 6.00 s because M (or I s ) rather fluctuates in the current ramp-up phase. At t ¼ 6.00 s, the flow profile is close to the fitting curve except for the range around X ¼ À75 .
Accordingly, this profile indicates that a parallel flow is dominant; however, there is a considerable perpendicular flow locally although the error bar of M X is larger than that at other angles. Poloidal projection of the perpendicular flow with high Mach number is in the direction of electron diamagnetic drift.
In the current ramp-up phase, not only high heat flux caused by energetic electrons but also unique plasma flow patterns are observed in the far-SOL. Figure 7(a) Fig. 5(a) . Later, M h and M u increase and are then suppressed again at 1.57 s < t < 1.60 s. This result indicates that the plasma flow is well correlated with I p and q ext before t ¼ 1.55 s. M h and M u also seem to be well correlated with each other.
Radial profiles of M h and M u are shown in Fig. 7(b) . Here, M is averaged for the 610-ms interval centered on each time. M h has an interesting time variation. At the initial phase of the current startup till t ¼ 1.50 s, M h already has a negative value. When M h has an appreciable negative value, strong flow shear develops as shown in the profile at t ¼ 1.55 s (yellow line). At t ¼ 1.60 s, the sign of M h instantaneously flips.
The radial profile of M u shows that there are responses in the current ramp-up phase. M u tends to be high when M h has an appreciable negative value at R < 1010 mm. When the sign of M h -inside (R < 1010 mm) flips at t ¼ 1.60 s, M u drops appreciably. Later, M u in the wide range (990 mm < R < 1050 mm) increases over a period of 100 ms. Toroidal plasma flow in the core region with velocity v core ¼ þ5 to þ10 km has Fig. 3 . The amplitude of oscillation is about 1.5 kA, and the waveform is sawtooth-like as I p gradually rises over $40 ms and drops over $10 ms. This sawtooth-like oscillation continues with a period of $50 ms, while the averaged value is maintained. Responses of heat flux to these oscillations are observed in the far-SOL. Figure 8 presents q ext and q s in the far-SOL with I p at 2.6 s < t < 2.9 s. The radial position of the probe is R ¼ 1030 mm. The probe position in the X direction is set at the default position as shown in Fig. 1 .
The oscillation of q ext corresponding to I p is observed in the signals of probe channel 1 (red solid line) and channel 4 (blue solid line) more clearly than in the signals of probe channel 2 (yellow dotted line) and channel 3 (green dashed-dotted line). Channels 1 and 3 as a pair can observe the flow of heat in the poloidal field direction. q ext values of channels 1 and 3 are nearly equal, and there is thus almost no heat flow in the poloidal direction, when I p % 24.0 kA (high-I p phase). After the current falls and stays around I p ¼ 21.5 kA (low-I p phase), however, q ext for channel 1 decreases although that for channel 3 does not change appreciably. Therefore, there seems to be a difference in q ext between channels 1 and 3. Namely, heat flow in the poloidal component is generated. The difference in q ext reduces after tens of milliseconds.
Meanwhile, channels 2 and 4 as a pair can observe the heat flow along the toroidal direction. q ext for channel 4 is higher than for channel 2 regularly, and the difference is 30-40 kW/m 2 . The direction from channel 4 to 2 is the same as the directions of the toroidal field and I p . q ext for channel 4 decreases in the high-I p phase and increases in the low-I p phase. q ext for channel 2 slightly changes from that for channel 4. Accordingly, toroidal heat flow is enhanced in the low-I p phase. Therefore, there are enhancements of heat flow both parallel and perpendicular to the toroidal field in the low-I p phase in the sawtooth-like oscillation. In this low-I p phase, tokamak confinement may have degraded, and heat transport from the core region to the SOL may have occurred. This trend at R ¼ 1030 mm continues in the quasisteady state as long as the average I p is almost stable as seen in the first panel of Fig. 3 .
q s also oscillates corresponding to I p . In the low-I p phase, q s at all probes increases as seen in the third panel of Fig. 8 . These waveforms indicate that radial transport of heat and particles from core plasma may occur in the low-I p phase. In the case of the poloidal probes (channels 1 and 3), q s for channel 3 increases in the low-I p phase and differs from that for channel 1. Hence, there is flow, the direction of which corresponds to diamagnetic flow in the SOL. In contrast, in the high-I p phase, there is no appreciable heat flow in the poloidal direction because values of q s for channels 1 and 3 are almost the same. Figure 9 shows heat flow waveforms at 2.3 s < t < 2.9 s for the same shot presented in Fig. 8 . The parameters are (from the top panel) I p , the differential of heat flux (energetic electron heat flow) Dq ext , the differential of bulk heat flux (ion heat flow) Dq s , the energy spectrum, and photon counts of bremsstrahlung hard X-rays. The photon count N is given by
where E is the hard X-ray energy and I HX is the hard X-ray intensity. The energy spectrum presents dN=dE. Hard x-rays are measured using a cadmium telluride (CdTe) detector having a detectable energy range of about 50 keV < E HX < 250 keV. The detector is installed on top of the QUEST chamber at a major radial position of R % 600 mm. Dq ext in the toroidal direction (blue solid line) has a constant component of $30 kW/m 2 , and it increases in the low-I p phase. Meanwhile, the base line of Dq ext in the poloidal direction (red-dotted line) is close to zero, and Dq ext is generated only in the low-I p phase. This result indicates that energetic electron is excursed and its flow in the poloidal direction is generated only during the low-I p phase. Even though heat flow is generated, total heat in the far-SOL might not change appreciably according to the heat flux shown in Fig. 8 . Hard X-ray bursts corresponding to falls in I p are observed as presented in the fourth panel. Energy of the bremsstrahlung hard X-rays with large bursts seems to be higher than that without the bursts as shown in the spectrum.
Although the current oscillation mostly has frequency of 20 Hz, a long-time-scale event also occurs. One or two events in a period of 1 s can be observed during 2.00 s < t < 4.00 s. For example, a long-scale event occurs at 2.45 s < t < 2.60 s as seen in Fig. 9 . At t ¼ 2.45 s, the current starts rising akin to the rise in other events, but it somehow fails. Eventually, the time interval of the current rise is longer than that in the other events. In the following high-I p phase, a 50-ms-long flattop is maintained before a crash. The current decreases at 2.54 s < t < 2.60 s, but there is an additional step before the current falls to a minimum. Compared with other 20-Hz oscillation events, high amplitudes of Dq ext and Dq i are observed in the long-scale event. Higher photon counts of hard X-rays with E HX % 50 keV are also observed at 2.45 s < t < 2.60 s.
C. Plasma flow with oscillation in a quasi-steady state As I p oscillates at 20 Hz as shown in Figs. 8 and 9 , there are also fluctuations in signals observed by the Langmuir probe of the hybrid probe. Figure 10 shows the time variations (with the hybrid probe located at R ¼ 1000 mm) of (from the top panel) I p , the major-radial plasma position R, the intensity of the H a line emission, q ext1 , and I s of probe channel 1, M h and M u . Radial positions of the core plasma R, both at the axis and edge, tend to shift towards the LFS with a rise in I p . This indicates that plasma shifts outward in the I p -rising phase and inward in the I p -falling phase. H a intensity and I s start to FIG. 9 . Waveforms of (from top panel) I p , the differential of heat flux q ext , and the differential of bulk heat flux q s , and the energy spectrum (twodimensional map) and photon counts (red solid line) of hard X-rays. increase in the I p -falling phase. Both parameters peak when I p reaches a minimum. I s is a measure of particle flux, and its increase in the I p -falling phase is thus likely related to the particle transport from the core to the far-SOL. Furthermore, the response of q ext1 to I p can be seen as q ext1 % 120 kW/m 2 on average. Therefore, energetic electrons in the LFS move actively in high-I p phase. M u rapidly rises over 10 ms, while I s and the H a emission gradually reach minima in the I p -rising phase. M u has an increase and decrease in the high-I p phase. The increase and decrease of M u clearly occurs 10 ms before the crash.
Conditional average analysis was applied to the parameters in each discharge for further understanding of the oscillation events. The analyzed results of three discharges (shot numbers being 19 424, 19 423, and 19 419) are shown in Figs. 11(a)-11(c) , and the radial positions of the probe are R ¼ 990, 1000, and 1050 mm, respectively. Here, one event is a sawtooth defined by an increase and decrease in I p . Hence, the time window in each condition is set as 50 ms. The parameters presented in the panels are (from the top) I p , I s of probe channel 1, M h , and M u . These conditionally averaged waveforms clearly show that parameters in the SOL are well correlated with the plasma current oscillation. I s rises in the I p -falling phase and falls in the I p -rising phase at the three locations. This tendency does not depend on the radial location at 990 mm < R < 1050 mm although the absolute value of I s is higher at positions that are further inside. At R ¼ 990 and 1000 mm, the responses of M h to the oscillation can be seen in the third panels of Figs. 11(a) and 11(b) . M h at R ¼ 990 mm is positive on average and it oscillates around þ0.08. The amplitude of M h is DM h % 0:02, which is about 25% of its average. M h at R ¼ 1000 mm is quite small as the average is about þ0.02, but clear oscillation with amplitude DM h % 0:03 is also observed. Compared with the time evolutions of M h at R ¼ 990 and 1000 mm, M h at R ¼ 1050 mm, which is rather outside, changes quite differently. Accordingly, anti-phase oscillation is observed. The positive M h $ þ0.1 on average is comparable to the number at R ¼ 990 mm during first 15 ms in the window. M h decreases to a negative value in the I p -falling phase. Later, the sign changes again and the value returns to M h % þ0.1. The amplitude of oscillation DM h % 0:1 at R ¼ 1050 mm is larger than that at R ¼ 990 or 1000 mm. The difference in absolute values indicates that M h strongly depends on the radial position.
Toroidal far-SOL flow in the co-current direction is observed regularly, but it is also modified by the 20-Hz events. At R ¼ 990 mm, as shown in the fourth panel of Fig.  11(a) , the rate of increase in M u becomes slightly higher before t ¼ 10 ms, and it peaks and falls from t $ 15 ms. The amplitude of the oscillation is DM u % 0:1. The Mach number at R ¼ 1000 mm appreciably rises from M u < þ0.2 to þ0.4 < M u and then drops; hence, DM u > 0:2. At this location, M u is greatly different from the value at R ¼ 990 mm; however, the constant component of M u % þ0.2 is lower than the constant value at another radius in Fig. 11 . This radial location with low M u may be specific. The radial electric field, diamagnetic drift, and other factors may determine the balance between perpendicular and parallel flows. Further investigation is required to discuss the mechanism in detail. M u at R ¼ 1050 mm is also anti-phase to M u at R ¼ 990 and 1000 mm as well as the poloidal case, and DM u % 0:1. Additionally, in Figs. 11(a)-11(c) , M u seems to be dependent on the radial position in the far-SOL.
According to the results of conditional average analysis presented in Figs. 11(a)-11(c) , it is clear that there is some relationship between I p and M. Figures 11(d)-11(f) presents M-I p graphs for each location (R ¼ 990, 1000, and 1050 mm). Here, the letter "S" in the graphs indicates the starting point at t ¼ 0, and the letter "E" the ending point at t ¼ 50 ms. These M-I p curves have limit-cycle characteristics. In Fig. 11(d) , showing the Mach number at R ¼ 990 mm, M h and M u fall when I p $ 21 kA for several milliseconds. Their reductions occur before the I p crash. M h gradually increases in the I p -falling phase, but M u slowly decreases (and increases). Furthermore, the rates of increase in these Mach numbers change at I p $ 18.5 kA, and the acceleration then ends in the I p -rising phase. This cyclic development reveals that modification of Mach numbers in the far-SOL is earlier than the fall and rise of I p , indicating that phenomena in the SOL (or the edge) may trigger the modification of the core region since the crash of I p can represent the global change of the spherical tokamak plasma under the IPN configuration. This consideration is discussed later in Section IV.
In Fig. 11(e) , the time variation of M h clearly has a limit cycle even though the number itself is quite small (jM h j < 0.1). M h drops more than 100% at I p $ 21.2 kA and thus changes sign. It then gradually increases in the I p -falling phase. M h increases about 100% at I p $ 18.5 kA, and starts to gradually decrease in the I p -rising phase. Moreover, the cyclic development of M u traces out a figure-of-eight. M u increases 100% and decreases 50% before the I p crash. This dramatic rise and fall also supports the observation, mentioned above, that flow change in the SOL is earlier than the I p crash. Afterward, M u slowly decreases till I p reaches a minimum. M u continues to fall for $10 ms in the I p -rising phase before it begins to increase again. Eventually, a figureof-eight is drawn.
Flow at R ¼ 1050 mm differs from that at the other two location because of its anti-phase oscillation. M h also has a figure-of-eight trace as seen in the first panel of Fig. 11(f) . It drops in the high-I p phase but continues to decrease past a value of zero. In the low-I p phase, M h suddenly begins to increase. M u has a candy-like trace as shown in the second panel. These trends, more or less, indicate that toroidal flow at this location (R ¼ 1050 mm) affects the velocity naturally corresponding to the sawtooth-like oscillation of plasma current, compared with other cases shown in Figs. 
11(d) and 11(e).
Combining conditionally averaged flow data measured at 990 mm < R < 1050 mm, including data shown in Fig. 11 , radial profiles of Mach numbers are investigated. In Fig. 12 , the radial profiles of M h and M u are shown. Three characteristic times of t 1 ¼ 1 ms (14 ms before the I p peak), t 2 ¼ 15 ms (I p peak), and t 3 ¼ 30 ms (I p minimum) are selected for the FIG. 12 . Radial profile of conditionally averaged Mach numbers in poloidal and toroidal directions. t 1 ¼ 1 ms (red solid line), t 2 ¼ 15 ms (green), and t 3 ¼ 30 ms (blue). The variation in conditional averaged data at each radial position is drawn with a dashed-dotted line (gray).
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Onchi et al. Phys. Plasmas 22, 082513 (2015) time window of conditional average analysis. The dasheddotted line shows the variation in conditional averaged data at each radial position. In the poloidal flow profile, there seems to be a pivot point (around R % 1010 mm) in the profile modification and a double flow shear via the point; M h is positive at R ¼ 990, 1000, and 1050 mm at t 1 , whereas M h at R ¼ 1010-1030 mm is negative and close to zero. Such double flow shear still exists at t 2 and t 3 . At R ¼ 1010 mm, M h hardly changes in events on average. Positive M h slightly rises from t 1 to t 2 inside of this pivot point. The profile modifications with higher amplitudes are observed outside the pivot point, possibly because the location is closer to the boundary of the chamber. At t 2 , M h values at R ¼ 1020 and 1030 mm are close to zero, but M h is about 0.1 at 1050 mm and decreases to a negative number around À0.1 at t 3 . In the evolution from t 3 to t 1 , the profile seems to gradually return to the start. There is also modification of the toroidal M u profile in Fig. 12 . There is a clear difference as M u at R ¼ 1000-1020 mm increases by more than 0.1 from t 1 to t 2 , corresponding to the I p crash. The fall at R ¼ 1000 mm is appreciable as the Mach number reduces by almost half. From t 2 to t 3 , no appreciable change is observed. At R ¼ 1050 mm, M u is modified in the opposite direction and there is strong fluctuation.
IV. DISCUSSION
Heat flux and plasma flow in the far-SOL of QUEST were measured using a hybrid probe. This probe plays two roles: (a) the role of a thermocouple for the estimation of heat flux and (b) the role of a Langmuir probe for the measurement of plasma flow.
In the LFS SOL, there are trapped energetic electrons that play an important role in driving I p . Such electrons have much higher temperatures than the electrons of bulk plasma. In this research, we calculated q ext and q s separately, and used signals of ion saturation current simply to estimate q s and M. Therefore, we need to discuss the plausibility of the Langmuir probe measurement. The sheath on the probe can grow if there are many energetic electrons in the plasma. I is can be reduced and V f can be deepened by growth of the sheath due to energetic electrons. Here, we assume two groups of electrons having temperatures T e1 and T e2 . The T e1 group is bulk electrons, and the T e2 group is energetic electrons. The sheath potential u s is obtained using the equation
where a ¼ N e2 =ðN e1 þ N e2 Þ is the ratio of T e2 electrons and b ¼ T e2 =T e1 . 35 The sheath potential increases dramatically when a and b are high. In the case of our measurement, a bias voltage of V bias ¼ À50 V was applied at the probes, and the floating potential measured using a tip on the front of the probe (Fig. 1) was jV f j < 15 V at R % 1000 mm. Therefore, V bias should be sufficient for the ion current to saturate. It is consistent that the sheath on the probes does not grow too much to affect the probe measurement and we can assume a ! 0 in the SOL even though energetic electrons are the main source of heat flux. eu s is given by 19, 36 Heat fluxes measured using a surface thermocouple (employing a thermal probe model) and a Langmuir probe were compared for the divertor of Alcator Cmod, and found to agree excellently. In that case, the ratio of energetic electrons to total particles should be small, and both electrons and ions were well heated. Compared with their SOL and divertor, we used a thermal probe in an extremely different plasma environment for probes.
In the plasma current ramp-up phase, high heat flux and supersonic flow in both toroidal and poloidal directions are simultaneously observed as shown in Figs. 4-7. q eh $ 3 MW/m 2 in the electron toroidal drift direction and q eu < 1 MW/m 2 in the counter-current direction are observed at R ¼ 990 mm in the initial 200 ms after ECW power is turned on. The heat flux from the counter-current direction at 60 < X < 210 is attributed to trapped electrons with toroidal precession in the LFS far-SOL. q s is much lower than q ext , and q s has a quite different azimuthal profile from q ext as shown in Fig. 4 .
q ext is correlated with the time variation of plasma current as shown in Fig. 5(a) . Such high heat flux due to abundant energetic electrons has been observed only in the current ramp-up phase. Loss of input electron cyclotron power and particle transport into the LFS would be considerably high owing to OMFC. In addition, such energetic electrons play an essential role in the current ramp up. This consideration is consistent with recent research on QUEST. 12 In the OMFC with a high mirror ratio to build IPN configurations, trapped electrons in a wide energy range from 10 keV to 1 MeV have good confinement. 13 Hard X-ray bremsstrahlung of tens or even hundreds of kiloelectron volts has been observed in tangential and vertical lines of sight through the core. Abundant electrons with high energy can run over in the far-SOL via excursions from the core region. However, q ext is suppressed at the end of the current rampup phase. According to such suppression, closed magnetic surfaces may already be generated, and if so, the loss of heat and particles into the far-SOL can be suppressed.
q ext and the plasma flow in the far-SOL are also correlated in the current ramp-up phase. When q ext has peaks, M h $ 2 and M u $ 1.5 are observed at R ¼ 990 mm as presented in Figs. 5(a) and 7(a) . The high M h is generated in the direction of ion toroidal drift, but the existence of a steep pressure gradient in the far-SOL has not been examined. If a strong radial electric field is generated with high potential due to energetic electrons, high E r Â B flow would be possible. Possibly, toroidal flow can be determined by toroidal rotation (E r Â B z , where B z is the vertical field) and Pfirsch-Schl€ uter flow as a result of strong poloidal flow because M h and M u are highly correlated to each other as seen in Fig. 7(a) . High q ext and M have already reduced appreciably at the end of the current ramp-up phase. The poloidal flow is quickly suppressed and ends up changing direction, while subsonic flow in the toroidal direction is maintained. Doppler spectroscopy has revealed co-current rotation, in the same direction as SOL flow, in the core region immediately after plasma breakdown. Plasma rotation in the open field configuration may play an important role in driving current and generating the IPN configuration. There is a strong need for further investigation to determine the mechanism with non-inductive current drive in a spherical tokamak.
In a quasi-steady state, q ext and q s are still not comparable as shown in Figs. 8 and 9. Plausible reasons for this difference of two orders of magnitude are low electron density (n e is of the order of 10 [15] [16] /m 3 as measured by the Langmuir probe on the head), low ion density, and abundant energetic electrons moving around the SOL. In the case of QUEST, using only ECWs to maintain the plasma current, considerable numbers of energetic electrons still exist in the quasi-steady state according to measurements of hard X-rays with energy in the range of tens to hundreds of kiloelectron volts. q s values at the four probes increase during the low-I p phase simultaneously, while the time variations of q ext values at each probe do not resemble each other as presented in Fig. 8 . Bulk electrons are repelled by bias voltage at the thermal probe. Therefore, heat flux attributed to energetic electrons remains dominant. Meanwhile, q ext for probe channels 1 and 3 at R ¼ 990 mm are q ext1 > 100 kW/m 2 and q ext3 < 25 kW/m 2 , respectively. The heat flow in the electron-diamagnetic-drift direction is observed according to the fact that q ext1 > q ext3 in the range R < 1020 mm.
An interesting topic is the physical meaning of the 20-Hz global oscillations in I p and SOL parameters. These oscillations might be similar to relaxation oscillations of the high-b p equilibrium. In the case of the TFR tokamak device, relaxations have been observed for the hard X-ray emission. 37 During bursts, energetic electrons are expelled from the plasma. The loss is found to occur in the local mirror mainly, instead of electrons drifting smoothly throughout the plasma volume on the limiter. In the T-6 tokamak, plasma current is reduced by several percent of the total, and spikes of loop voltage corresponding to relaxation oscillations are induced. 38 Hard X-ray bursts are also observed with these oscillations. Hard X-ray measurements for QUEST have revealed an oscillation of photon counts. 12 For further understanding, it is important to examine energetic electrons in detail.
Plasma flow similarly responds to oscillation events. The relationship between plasma current and flow in the far-SOL has limit-cycle characteristics as presented in Figs.  11(d)-11(f) . The trend is, more or less, that modification of the far-SOL flow occurs before the plasma current crash.
This observation supports an intimate relationship between the core (plasma current) and SOL (plasma flow). If momentum transfer between the core and SOL is reversible, subsonic flow in the far-SOL may be converted into core flow. The SOL determines the boundary condition of the plasma core so that momentum transfer from the SOL to confined plasma is practical. 23 Rotation in the plasma edge can be driven viscously by the SOL. 39 Furthermore, there might be the possibility that parameter modification in the SOL (or edge) triggers a large-scale instability such as a plasma current crash. This consideration implies that the oscillation in I p and SOL parameters are not exactly equivalent phenomena in the TFR and T-6.
A core-SOL relationship was observed in the range 990 mm R 1050 mm. The shape of the M-I p limit cycle curve is not simple and it depends on the radial location as indicated by the differences in Figs. 11(d)-11(f) . It is thus likely that a complex flow structure is generated in the far-SOL. Comparing limit-cycle curves between M h and M u , there is no clear correlation even though all cycle directions are clockwise. Since a steep density gradient is not observed at the location, the effect of Pfirsh-Schr€ uter flow on the flow modification may be moderate. E r Â B drift should be considered as an interesting cause of cyclic flow development although the electric field has not been measured. E r Â B drift flow can play an important role if a potential gradient is suddenly generated by energetic electrons. It is thus important to investigate the radial electric field in the far-SOL and thus find the source of the complex flow structure as future work.
Double shears of poloidal flow were observed as shown in the first panel of Fig. 12 . Inside the pivot point of M h , the deviation indicated by the gray dotted lines is smaller than that outside the point. Hence, the radius of the pivot is likely a boundary that separates the flow structure. Near the limiters and the chamber wall, the fluctuation of flow can be high owing to the effect of turbulence. Turbulence is related to cross-field transport; i.e., transport-driven flow is generated by turbulence. 28 Measurement of fluctuation-induced radial fluxes in QUEST is required for further understanding.
According to equilibrium reconstruction as shown in Fig. 2 , the magnetic field that started at the outer limiter on the equatorial plane may pass through the location where the hybrid probe is used at 990 mm R 1050 mm. If so, a probe position at R ¼ 990 mm may be on an open field line between the top and bottom divertors and another position at R ¼ 1050 mm may be on an open field line between the outer limiter and bottom divertor. Owing to such a difference in magnetic topology, mechanisms of parallel and perpendicular transport could vary. Orbits of energetic electrons are determined by the limiter. Therefore, it would be possible that the gradient of heat flux shown in Fig. 5(b) and the flow shear shown in Figs. 7(b) and 12 are generated by the existence of the limiter. As long as the limiter is grounded, a radial electric field around the limiter can be generated because plasma possesses potential. Such an electric field could drive drift flow and toroidal rotation. This scenario may be related to the double shears of poloidal flow via the pivot point as can be seen. Examination of the total balance of flows is needed for further understanding of the LFS SOL flow in IPN equilibrium.
In the present series of experiments, no strong mode structure, for instance the energetic particle mode, 40 was observed. As shown in Fig. 3 , IPN plasma can be maintained for more than 6 s although there is oscillation of plasma current at 20 Hz. In fact, long-pulse tokamak discharge with duration longer than 10 minutes has been achieved with the IPN configuration in QUEST. In the ECW current-driven spherical tokamak, lethal instabilities may not occur with abundant energetic electrons in the SOL. Such considerations will be important in conducting experiments on spherical tokamaks with high plasma current driven by ECWs.
V. CONCLUSION
To clarify the motion of energetic electrons and plasma flow in the SOL, a hybrid probe that functions as both a thermal probe and Mach probe was developed. Using the hybrid probe, heat flux and plasma flow were observed in the far-SOL on the LFS of QUEST. High heat flux (>1 MW/m 2 ) caused by energetic electrons and supersonic flow (M > 1) were observed during the current ramp-up phase. The motion of energetic electrons was intimately related to heat transport into the far-SOL. There would be a physical relationship between the motion of energetic electrons and plasma flow because these parameters are well correlated. In the quasisteady state, the heat flux and plasma flow were modified corresponding to sawtooth-like oscillation of plasma current at 20 Hz. Heat flow caused by the motion of energetic electrons was enhanced during the low-I p phase. Modification of plasma flow in the far SOL occurred earlier than the I p crash. The M-I p curve reveals the limit-cycle characteristic with a sawtooth oscillation. Such an M-I p relationship indicates a dependence of the core region on the far-SOL.
